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Vapor phase nucleation on neutral and charged nanoparticles:
Condensation of supersaturated trifluoroethanol on Mg nanoparticles
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A new technique is described to study the condensation of supersaturated vapors on nanoparticles
under well-defined conditions of vapor supersaturation, temperature, and carrier gas pressure. The
method is applied to the condensation of supersaturated trifluoroethanol TFE vapor on Mg
nanoparticles. The nanoparticles can be activated to act as condensation nuclei at supersaturations
significantly lower than those required for homogeneous nucleation. The number of activated
nanoparticles increases with increasing the vapor supersaturation. The small difference observed in
the number of droplets formed on positively and negatively charged nanoparticles is attributed to the
difference in the mobilities of these nanoparticles. Therefore, no significant charge preference is
observed for the condensation of TFE vapor on the Mg nanoparticles. © 2007 American Institute of
Physics. DOI: 10.1063/1.2404679
I. INTRODUCTION
Ion-induced nucleation is a phenomenon of great impor-
tance for many scientific, atmospheric, environmental, and
industrial applications.1 Among these are upper atmospheric
chemistry,2–4 formation of acid rain and environmental pol-
lutants in the presence of SO3
+ and NO2
+ ions,5,6 the formation
of jet contrails,7 cosmic rays and condensation of interstellar
dust,8 and other applications in radiation chemistry, combus-
tion processes, chemical vapor deposition, and plasma
processes.9,10
The history of ion-induced nucleation research began
more than 100 years ago dating back to the original experi-
ments by Wilson and the theoretical formulation by
Thomson.11 In 1895, Wilson performed his first experiments
of making clouds by expansion of moist air, and reported that
the water clouds formed in an expansion cloud chamber oc-
curred at lower expansion ratios in the presence of ions than
in their absence.11,12 He also observed that nucleation of wa-
ter vapor occurred on negative ions at lower expansions than
on positive ions, thus suggesting that water nucleates prefer-
entially on negatively charged ions this has been referred to
in the nucleation literature as a sign effect in ion-induced
nucleation. Wilson received a Nobel Prize in 1920 “for his
method of making the paths of electrically charged particles
visible by condensation of vapor.”12
Because of the strong ion-dipole and ion-induced dipole
forces relative to van der Waals dispersion forces, ion nucle-
ation occurs preferentially with respect to homogeneous
nucleation. Many other species such as surfaces, foreign ma-
terials, and nanoparticles may serve to lower the thermody-
namic barrier to nucleation by providing the interface re-
quired for nucleation since a surface already exists. In many
natural and practical processes the condensation of super-
saturated vapors occurs on charged nanoparticles, where both
ion-induced and heterogeneous nucleation mechanisms are
simultaneously involved.9,13 The properties of the pre-
existing nuclei and the condensing vapor influence the nucle-
ation process. For example, for charged nanoparticles, the
size of the particles, the surface properties, the contact angle
between the condensing molecules and the particle, as well
as the sign and the magnitude of the charge play the most
important roles on the thermodynamics and kinetics of the
process. The molecular properties of the condensing vapor
molecules such as dipole moment and polarizability can also
affect the nucleation process. Although the importance of
these parameters has been well-recognized, quantitative in-
formation on the heterogeneous nucleation of supersaturated
vapors on charged nanoparticles under well defined super-
saturation and temperatures are rarely available.14–18
Most of the recent studies have focused on the applica-
tion of the condensation nuclei counter CNC and the flow
cloud chamber FCC to investigate the condensation of su-
persaturated vapors on neutral and charged particles.15–18 De-
spite the practical advantages of the CNC and FCC devices,
accurate determination of the degree of the vapor supersatu-
ration at well-defined temperatures is not possible. On the
other hand, the thermal diffusion cloud chamber DCC al-
lows accurate measurements of both temperature and super-
saturation over a wide range of carrier gas pressures. The
DCC has been extensively used to study different types of
vapor phase nucleation including homomolecular and binary
homogeneous nucleation, and photoinduced and ion-induced
nucleation.19–23 By coupling pulsed laser vaporization of
metals to generate charged nanoparticles within the super-
saturated vapor in the DCC,24 it is now possible to measure a
time-dependent nucleation rate following the generation of
the nanoparticles as a function of vapor supersaturation, car-
rier gas pressure, nanoparticle concentration as well as the
sign of the charged nanoparticles.
In this paper, we demonstrate the application of a new
technique to investigate the condensation of supersaturated
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2,2,2 trifluoroethanol TFE vapor on magnesium Mg
nanoparticles generated by pulsed laser vaporization inside a
DCC. The results provide quantitative nucleation data on
charged and neutral Mg nanoparticles under well-defined
conditions of vapor supersaturation, temperature, and carrier
gas pressure as well as the effects of applied electric field
and laser vaporization power. The results provide new in-
sight on the condensation of supersaturated vapors on nano-
particles including the sign effect of the charged nuclei.
II. EXPERIMENT
A detailed description of the DCC and principles of its
operation are available in the literature,19–23 and only a brief
description is given here see Fig. 1. The chamber consists
of two aluminum circular plates separated by a glass ring. A
magnesium rod Aldrich, 99.9+% of diameter 6.0 mm and
height of 11.5 mm was placed on the center of the bottom
plate. A shallow pool of TFE liquid 75 mL, Aldrich NMR
grade, 99.5+% was introduced to the bottom plate. The Mg
rod was isolated from the TFE liquid by a Teflon block. The
total pressure inside the chamber was adjusted to about
700 Torr, at room temperature, by introducing an inert, non-
condensable gas He, 99.999%. A temperature difference
was set between the top and the bottom plates, to control the
vapor supersaturation S. The chamber profiles showing
supersaturation ratio, partial pressure, and temperature as a
function of reduced height obtained by solving the mass and
heat transfer equations19 are shown in Fig. 1b. In these
experiments, the vapor supersaturation of TFE was adjusted
below that required for homogeneous nucleation. A single
laser pulse 1.6108 W/cm2 was fired from a Quanta ray
Nd:yttrium aluminum garnet YAG laser 532 nm, 2 ns
pulse width focused on the Mg target. The He–Ne laser
beam was set above that of the Nd:YAG laser to detect drop-
lets of TFE-coated Mg nanoparticles. The nucleating droplets
were counted by observing the forward scattering of light
from the droplets falling through a horizontal He–Ne laser
beam traversing the chamber using a photomultiplier con-
nected to counting electronics. The number of droplets was
counted within a well-defined volume. Each data point was
repeated at least three times.
III. RESULTS AND DISCUSSION
We measured the critical supersaturations Sc of pure
TFE within the temperature range of 266–307 K the super-
saturation required for a homogeneous nucleation rate of
1–2 drops/cm3/s. Figure 2 shows the temperature depen-
dence of the critical supersaturation for TFE along with the
predictions of the classical nucleation theory. A good agree-
ment was observed between the experimental results and the
theory over the entire temperature range.
The condensation experiments on the Mg nanoparticles
were performed with the supersaturation of the TFE vapor
significantly below the value required for homogeneous
nucleation for example, Sc=2.6 at T=269.4 K. As a result,
no droplets were observed in the absence of Mg nanopar-
ticles. Furthermore, when the laser pulse was fired on the Mg
target no droplets were observed if the TFE supersaturation
was below 50%–70% of the critical supersaturation at any
given temperature. This indicates that the Mg nanoparticles
generated by laser vaporization could not be activated for
condensation of the TFE vapor at such low supersaturations.
It was also important to exclude the possibility of photoin-
duced nucleation resulting from the interaction of the
532 nm laser pulse with the supersaturated TFE vapor. When
the laser pulse was fired inside the chamber without hitting
the Mg target, no nucleation events were observed even at
supersaturations as high as 95% Sc indicating the absence of
photoinduced nucleation under the experimental conditions
of the Mg nanoparticle experiments. It should be noted that
under the laser power used in the current experiments a
single laser pulse generates about 1013–1014 metal atoms in-
cluding about 105–106 atomic ions.25 These atoms immedi-
FIG. 1. a Experimental setup for the diffusion cloud chamber used for the
vapor phase nucleation on Mg nanoparticles. b Temperature, partial pres-
sure, and supersaturation profiles calculated for the observed nucleation
of 1–3 drops cm−3 s−1 for TFE at Tbottom=305 K, Ttop=267 K, and Ptotal
=700 Torr.
FIG. 2. Critical supersaturation vs temperature for 2,2,2-trifluoroethanol: the
solid line represents the classical nucleation theory CNT prediction.
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ately condense to form neutral nanoparticles with a small
fraction of charged ones. The nanoparticles diffuse through
the DCC where they may become activated in the nucleation
zone 0.7 reduced height of the DCC thus resulting in the
condensation of the supersaturated TFE vapor. The activation
process depends on the size and charge of the Mg nanopar-
ticles as well as the degree of the supersaturation of the TFE
vapor. In the following sections, the effects of vapor super-
saturation, carrier gas pressure, vaporization laser power, and
applied electric field are presented and discussed.
A. Effect of vapor supersaturation
Figure 3 displays the nucleation time profiles following a
single laser vaporization pulse on the Mg target at various
TFE supersaturations 1.387–1.829 at a total pressure of
675 Torr. In these experiments, an electric field of 5.54
103 V/m was applied between the chamber plates. It is
clear that the total number of droplets proportional to the
rate of nucleation decreases by decreasing the supersatura-
tion of the TFE vapor. The nucleation peak is also shifted to
longer times as the supersaturation ratio of the TFE vapor is
decreased. At TFE supersaturations of 1.829, 1.580, and
1.387, the nucleation peak occurs at about 45, 52, and 72 s
from the laser pulse, respectively.
From the above results, it is evident that at higher super-
saturations most of the Mg nanoparticles are activated and
the nucleation rate reaches its maximum at early times. On
the other hand, at a low supersaturation S=1.387 only large
Mg nanoparticles can be activated, and since these particles
diffuse slowly the nucleation rate reaches its maximum at a
longer time 72 s. This behavior is a direct result of the
dependence of the critical size nucleus on supersaturation
according to the classical nucleation theory which is given
by1
n* = 323v2/3kBT ln S3, 1
where  is the surface tension of the liquid, v is the molecu-
lar volume, kB is Boltzmann’s constant, and S is the vapor
supersaturation ratio. Equation 1 can be written in terms of
the Kelvin diameter using molar quantities as
d* = 4M/RTln S , 2
where M is the molecular weight of the condensing vapor
molecules. Particles smaller than the Kelvin diameter are not
activated and eventually condense on the chamber plates.1
The Kelvin diameters calculated using Eq. 2 for the super-
saturated TFE vapor at S=1.829, 1.580, and 1.387 are 4.5,
5.9, and 8.3 nm, respectively. Therefore, it is clear that by
increasing the supersaturation, the Kelvin diameter de-
creases, and more particles should be activated and grow to
macroscopic liquid droplets.
Figure 3 also shows that the induction time the time
required for the onset of nucleation from the laser pulse
increases with decreasing the vapor supersaturation. This is
also a direct manifestation of the slow diffusion of the large
Mg nanoparticles that act as nuclei for the condensation of
TFE vapor at low supersaturations. These results are in good
agreement with the results of Mavliev et al.,15 Chen et
al.,17,18 and Rosenorn et al.26 where the critical supersatura-
tion of the condensing vapor required for activating the
nucleating particles was found to decrease with increasing
the particle diameter. Similarly, the work of Seto et al.27 on
the condensation of dibutyl phthalate vapor induced by seed
ions generated by electrospray ionization showed a signifi-
cant reduction in the critical supersaturation with increasing
the size of the seed ions.
B. Effect of carrier gas pressure
The effect of carrier gas pressure on the condensation of
supersaturated TFE vapor S=1.823 on the Mg nanopar-
ticles was studied in the presence of an electric field of
1.54102 V/m. Figure 4a displays the nucleation time
profiles at three different pressures 328, 620, and 934 Torr.
It is clear that the width of the nucleation time profile and the
total number of droplets increase with increasing the carrier
gas pressure. These results can be explained by the laser
vaporization process which depends mainly on the ambient
gas used and its pressure.25,28 For example, the expansion of
the laser vaporization plume is more confined at higher pres-
sures and with heavier carrier gases.28,29 Therefore, at lower
helium pressures, it is expected that most of the small Mg
nanoparticles diffuse quickly through the nucleation zone be-
fore they can be activated to condense the supersaturated
TFE vapor. However, at higher pressures, the plume is con-
fined in space and larger Mg nanoparticles can be formed.
These nanoparticles, which diffuse slowly, are more likely to
be activated in the nucleation zone and therefore, at higher
helium pressure the total number of droplets and their resi-
dence times increase. The inset in Fig. 4a shows a nearly
linear relationship between the number of droplets detected
and the total pressure in the DCC.
Figure 4b displays the effect of carrier gas pressures in
the presence of higher electric field 5.54103 V/m and
higher vapor supersaturation as compared to the field and
supersaturation used in Fig. 4a. As expected, the nucleation
FIG. 3. Time profiles showing the number of TFE droplets condensed on
Mg nanoparticles after a single laser pulse 1.6108 W/cm2 at different
supersaturations. Inset shows the total number of droplets integrated time
profile as a function of supersaturation. These experiments were performed
at Tmax=281.4 K, P=674.7 Torr, and E=5.54103 V/m.
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time profiles are narrower at higher electric field Fig. 4b
but the trend of increasing the number of droplets with in-
creasing the carrier gas pressure is similar to the trend ob-
served at a lower field Fig. 4a.
C. Effect of laser power
All the experiments discussed so far were carried out
using a constant laser power density of 1.6108 W/cm2. We
investigated the effect of laser power at constant total pres-
sure P=665.2 Torr, supersaturation S=1.825, and small
electric field 1.54102 V/m. The nucleation time profiles
measured following a single laser pulse at different power
densities are displayed in Fig. 5. It is clear that as the laser
power density increases, the number of activated Mg nano-
particles decreases and the induction time increases. Two im-
portant factors could control the observed effect: the mass
concentration MC, and the number concentration NC of
the nanoparticles generated following the laser pulse. With
high laser power density, more material MC is vaporized
and as a result, larger particles are formed which take a
longer time to diffuse to the nucleation zone. Furthermore,
heavy particles could be ejected directly from the target sur-
face instead of atomic species.28 These heavy particles will
most likely fall into the liquid pool, and therefore will not
contribute to the condensation of the TFE vapor. This ex-
plains the decrease in the number of activated nanoparticles
and the longer induction period at high laser power density.
On the other hand, the NC is expected to increase at low
laser powers since most of the evaporated material consists
of atomic species which immediately condense to form small
nanoparticles. Molecular dynamics simulations of laser abla-
tion of organic solids have found that, below certain laser
fluence, primarily single molecules are desorbed while above
this threshold, a collective ejection or ablation takes place in
which large molecular clusters form a significant portion of
the ejected plume.29 Additionally, as the laser power in-
creases, the number of ions generated decreases due to the
increased recombination probability of the ions with the
ejected electrons.30 This means that at low power density a
large number of charged particles are generated that could
diffuse quickly to the nucleation zone to act as nuclei for the
condensation of TFE vapor thus resulting in a large number
of detectable droplets. The overall trend, shown in the inset
of Fig. 5, indicates that the integrated number of droplets
falls sharply with increasing the laser power density.
D. Effect of applied electric field
Since laser vaporization of the Mg target generates a
fraction of atomic ions,25 it is expected to see a significant
effect on the nucleation profiles by applying an electric field
between the chamber plates. Figure 6 displays the nucleation
time profiles in the absence and presence of different electric
fields 0.0– ±15.38103 V/m at a constant TFE supersatu-
ration ratio of 2.39 and a total pressure of 644 Torr.
It is clear from the results of Fig. 6 that the time width of
the nucleation cloud decreases as the applied electric field is
increased. For example, the nucleation cloud formed by Mg
nanoparticles at supersaturation of 2.39 with no applied field
lasts for more than 50 s Fig. 6a while when an electric
field of 15.38103 V/m is applied at the same supersatura-
tion of 2.39, the nucleation cloud lasts only for about 30 s
not shown. The nucleation time profiles displayed in Fig.
6b obtained at a supersaturation of 1.819 show that the
width and intensity decrease as the applied field increases.
FIG. 4. a Time profiles showing the number of TFE droplets condensed on
Mg nanoparticles at Smax=1.823, Tmax=277.6 K, and E=1.54102 V/m
after a single laser pulse at different total pressures. Inset shows the total
number of droplets as a function of pressure. b Time profiles showing the
number of TFE droplets condensed on Mg nanoparticles at Smax=2.50,
Tmax=271.6 K, and E=5.54103 V/m after a single laser pulse 1.6
108 W/cm2 at different total pressures. Inset shows the total number of
droplets as a function of pressure.
FIG. 5. Time profiles showing the number of TFE droplets Smax=1.825,
Tmax=277.8 K, P=665.2 Torr, and E=1.5102 V/m after a single laser
pulse of different powers. Inset shows the total number of droplets as a
function of laser power used for Mg vaporization.
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The inset in Fig. 6b clearly shows that the total number of
droplets decreases as the applied field increases. This behav-
ior can be attributed to the number of the charged nanopar-
ticles reaching the nucleation zone by drift velocities that
increase by increasing the electric field the drift velocity of
the charged particle i is given by i=iE, where i is the
ion mobility which depends on the size of the ion. In the
absence of an applied field, the motion of the nanoparticles is
described in terms of diffusion, and the measured nucleation
profile reflects the longer time of diffusion as compared to
the drift velocity of the charged particles.
The number of droplets forming on the positively
charged applying the negative field on the top plate and
negatively charged applying the positive field on the top
plate nanoparticles appear to be similar at lower applied
fields. However, at higher fields Fig. 6c shows that the
number of droplets forming on the negatively charged par-
ticles is more than the number formed on the positively
charged particles. This effect is also observed in the total
number of droplets integrated over the nucleation time pro-
file as shown in Fig. 6d. The number of droplets decreases
by similar amounts for the positively and negatively charged
particles in the presence of small applied fields. This is due
to the removal of ions from the nucleation zone before con-
densing the supersaturated vapor. This result suggests that
both the positive and negative particles have almost the same
ability to induce the condensation of TFE vapor. Similar re-
sults have been observed by Chen et al.,17,18 who found that
the condensation of supersaturated vapors on singly positive/
negative charged particles had no obvious sign preference.
However, Fig. 6d shows that at higher applied fields the
number of droplets formed on the negatively charged par-
ticles appear to be higher than that formed on the positively
charged particles the decrease in the number of droplets by
applying positive and negative fields is not symmetric. This
could be explained by the low mobility of the negatively
charged particles. In this case, the increase in the number of
droplets would be due to the longer residence time of the
negatively charged particles in the nucleation zone as com-
pared to the more mobile positively charged particles. There-
fore, in the current system dealing with the condensation of
supersaturated TFE vapor on charged Mg nanoparticles, the
sign effect appears to very small or negligible. It should be
noted that the situation could be very different in the case of
molecular ions where the sign preference could arise from
different structures of the positive and negative ions as well
as different interactions with the condensing vapor
molecules.23,31 Previous theoretical studies have observed
significant sign effect when molecular-sized charged par-
ticles were considered.32,33 The current results appear to sug-
gest that the sign effect is smeared out if the charged particle
is much larger than the size of the molecules of the condens-
ing vapor. It is clear that definitive answers regarding the
sign preference in ion nucleation is still lacking.
IV. SUMMARY AND CONCLUSIONS
In conclusion, condensation of supersaturated TFE vapor
on Mg nanoparticles generated by laser vaporization has
been studied at supersaturations significantly lower than
those required for homogeneous nucleation. The number of
nanoparticles that can be activated increases with increasing
the vapor supersaturation. The carrier gas pressure affects the
expansion of the laser plume and the number as well as the
size of nanoparticles that act as condensation nuclei. The
small difference observed in the number of droplets formed
on positively and negatively charged nanoparticles is attrib-
uted to the difference in the mobilities of these nanoparticles.
Therefore, no significant charge preference is observed for
the condensation of TFE vapor on the Mg nanoparticles.
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